Objective To confirm the feasibility and safety of granulocyte colony-stimulating factor (G-CSF) for treating spinal neuropathic pain associated with compression myelopathy, we have initiated an open-label single-center prospective clinical trial.
Introduction
Granulocyte colony-stimulating factor (G-CSF) is a cytokine that promotes survival, proliferation, and differentiation of cells in the neutrophil lineage [11, 16] . Furthermore, G-CSF can mobilize both immature and mature bone marrow cells into the peripheral blood. As a result, it is used clinically for patients with leukocytopenia and for donors of peripheral blood-derived hematopoietic stem cells for transplantation. Recent studies have indicated that G-CSF also has non-hematopoietic activity and can potentially be used for the treatment of neuronal injury, including stroke and neurodegenerative diseases [3, 5, 7, 18, 19] . We previously demonstrated that G-CSF promoted the restoration of damaged spinal cord tissue and the recovery of neural function in experimental spinal cord injury in both mice and rats [4, 6, 12] . In addition, we showed that G-CSF promoted the migration of bone marrow-derived cells into the damaged spinal cord, suppressed apoptosis of neuronal cells and oligodendrocytes, protected myelin, decreased inflammation, and promoted angiogenesis [4, 6, 12] . Based on these findings, we initiated a clinical trial that evaluated the safety and efficacy of neuroprotective therapy using G-CSF for patients with worsening symptoms of compression myelopathy [17] . In this clinical trial, we intravenously administered G-CSF (5 or 10 lg/kg/day) to 17 patients for 5 consecutive days. G-CSF administration suppressed progression of myelopathy in all patients, and no serious adverse events occurred during or after treatment [17] .
During this trial, several cases unexpectedly experienced a dramatic reduction in neuropathic pain associated with thoracic myelopathy after G-CSF administration [22] . Such a pain-relieving effect of G-CSF was not specified as an endpoint of this trial. However, this effect has important implications for future clinical use of G-CSF for compression myelopathy. Thus, we initiated a new clinical trial to verify the feasibility and safety of using G-CSF for spinal neuropathic pain. In the present study, G-CSF was administered to patients who complained of pain associated with compression myelopathy, and the pain-relieving effect of G-CSF for spinal neuropathic pain was analyzed.
Materials and methods
We performed a phase I and IIa clinical trial evaluating G-CSF administration in patients who complained of neuropathic pain associated with compression myelopathy. The trial was initiated following the approval of the Institutional Review Board of our university. According to the inclusion criteria, patients of 20-85 years of age were recruited. Patients in the following categories were excluded: (1) those with intracranial pathologies (e.g., tumors, infection, or ischemia), (2) those with a history of major bleeding requiring blood transfusion or a history of leukopenia, thrombocytopenia, hepatic or renal dysfunction, severe heart failure, or splenomegaly, and (3) those with evidence of malignant disease within the last 5 years. We also excluded patients who were pregnant or nursing. Eligible patients gave informed consent for participation in the trial.
Granulocyte colony-stimulating factor (10 lg/kg/day) was intravenously administered for 5 consecutive days.
This was an open-label study; thus, there was no control group. Spinal neuropathic pain of patients analyzed in the present clinical trial was classified into two categories: at-level pain and below-level pain [1] . At-level pain is characterized as pain located within two or three spinal segments below the neurological level of a spinal cord lesion. In contrast, below-level pain presents diffusely caudal to the level of a spinal cord lesion. The severity of pain was evaluated before and after G-CSF administration using a visual analogue scale (VAS) ranging from 0 to 100. We also evaluated severity of myelopathy using the Japanese Orthopaedic Association (JOA) score (cervical myelopathy scores range from 0 to 17, thoracic myelopathy scores range from 0 to 11) [9] . In the present study, two orthopedic spine surgeons specializing in cervical and thoracic spine surgery evaluated neurological status independently every month until 6 months after G-CSF administration, and calculated the mean data. Hematological data from treated patients were analyzed. Adverse events using the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events, version 3.0 were also evaluated.
Statistical analysis was performed using a Mann-Whitney U test. A p value less than 0.05 was considered statistically significant. Results are presented as mean ± SD.
Results

Patient data
Between January, 2009 and February, 2011, a total of 18 patients were enrolled in this trial. In one patient, however, fever developed 3 days after the initiation of G-CSF administration, and the administration was discontinued. This patient was excluded from the study. Thus, 17 patients received G-CSF administration and were followed-up for C6 months (Tables 1, 2 ). These 17 patients were divided into two groups. One group included 7 patients (Cases 1-7) who complained of pain associated with worsening symptoms of myelopathy (progressing myelopathy-related pain group) ( Table 1 ). The other group included 10 patients (Cases 8-17) who complained of pain that persisted after surgery for compression myelopathy (post-operative persistent pain group) ( Table 2 ).
In the progressing myelopathy-related pain group, worsening of myelopathy occurred due to compression of the spinal cord by ossification of the posterior longitudinal ligament (OPLL) or ossification of the ligamentum flavum (OLF) ( Table 1 ). The mean JOA score for cervical or thoracic myelopathy decreased C2 points or more during a recent 1-month period. Of the 7 patients in this group, 6 patients (Cases 1, 3, 4, 5, 6, and 7) complained of at-level pain and 1 patient (Case 2) complained of below-level pain (Table 3 ). The duration of pain was 0.2-5 years (mean, 1.9 years). In all 7 patients, surgery for myelopathy was performed 2-23 weeks after initial G-CSF administration (Table 1) .
In the post-operative persistent pain group, pain caused by compression to the spinal cord persisted even after myelopathy surgery (Tables 2, 3 ). Of these 10 patients, 5 patients (Cases 8, 10, 12, 13, and 17) complained of atlevel pain and 5 patients (Cases 9, 11, 14, 15, and 16) complained of below-level pain (Table 3 ). The duration of pain in all 10 patients in this group was 1-27 years (mean, 8.2 years), which was significantly longer than that of the progressing myelopathy-related pain group (p \ 0.01).
VAS
In the progressing myelopathy-related pain group, a decrease in VAS score of[10 was obtained in all 7 patients within 1 week after initial G-CSF administration. In 1 patient (Case 4), pain completely disappeared. The mean VAS score immediately before G-CSF administration was 71.4, and it significantly decreased to 35.9 at 1 week after initial G-CSF administration (p \ 0.05) (Fig. 1a) . The pain-relieving effect of G-CSF was attenuated at 3 months after administration in 3 patients (Cases 2, 3, and 5), and the VAS score returned to the pre-administration level in 1 patient (Case 2). However, 3 and 6 months after G-CSF administration, mean VAS scores were still lower than those before G-CSF administration (p \ 0.05) (Fig. 1a) . Figure 2 shows the change of VAS before and after surgery in seven cases of the progressing myelopathyrelated pain group. After surgery, VAS was not altered in four cases (Cases 1, 3, 4 and 6), increased in two cases (Cases 2 and 5), and decreased in one case (Case 7) (Fig. 2) .
In the post-operative persistent pain group, a decrease in VAS score of C10 was obtained in seven out of ten patients within 10 week after initial G-CSF administration. In three patients (Cases 9, 14, and 16), G-CSF did not show any pain-relieving effect. The mean VAS score immediately before G-CSF administration was 72.0, and it significantly decreased to 51.7 at 1 week after initial G-CSF administration (p \ 0.05) (Fig. 1b) . The pain-relieving effect of G-CSF was attenuated at 3 months in 4 patients (Cases 11, 13, 15, and 17) and at 6 months in 1 patient (Case 12), and VAS scores returned to pre-administration levels in 4 patients (Cases 11, 13, 15, and 17). The mean VAS score increased to 64.0 at 3 months after G-CSF administration (Fig. 1b) .
JOA score
In all 7 patients in the progressing myelopathy-related pain group, the JOA score increased after G-CSF administration. The mean JOA recovery rate at 1 and 6 months after G-CSF administration was 32.3 and 54.2 %, respectively (Table 4) .
In the post-operative persistent pain group, an increase in JOA score was observed in only 3 patients (Cases 8, 10, and 11). Three patients (Cases 9, 14, and 16), in whom no pain-relieving effect was observed after G-CSF administration, also did not show any increase in JOA score. The mean JOA recovery rate at 1 month and 6 months after G-CSF administration was 7.3 and 7.3 %, respectively (Table 4) . Thus, the neurological improvement after administration of G-CSF in the post-operative persistent pain group was inferior to that in the progressing myelopathy-related pain group (Table 4) .
Blood data
White blood cell count dramatically increased the day after G-CSF administration; during G-CSF administration, it increased to 31.2 ± 8.3 (910 3 /mm 3 ) (Table 5 ). G-CSF mobilized cells of the neutrophil lineage, but lymphocytes were not affected. G-CSF also caused an increase of monocytes. C-reactive protein levels slightly increased, but this did not appear to be related to any clinical events.
Adverse events
In this series, no patient experienced bone pain or hepatic dysfunction after G-CSF administration. No other severe adverse events occurred during or after G-CSF administration.
Case presentation
Case 6 (progressing myelopathy-related pain group)
A 36-year-old man was admitted to our hospital complaining of progressive motor weakness of his lower extremities and gait disturbance. On admission, his JOA score for thoracic myelopathy was 3/11 points. He also showed spontaneous severe back pain (at-level pain). Magnetic resonance (MR) and computed tomography (CT) images showed beak-type OPLL and OLF that compressed his spinal cord anteriorly and posteriorly at T5-6 (Fig. 3a,  b) . Beginning on the day of admission, he received G-CSF. Six days after initial G-CSF administration, he felt relief of his back pain. His pain VAS score was 100 before G-CSF administration, and it decreased to 70 1 week after initial treatment. At 1 month after initial administration, his VAS score further decreased to 50. He also felt improved muscle strength of his legs, and his JOA score increased to 3.5 points. At 7 weeks after G-CSF administration, he underwent surgery for spinal cord decompression using a posterior approach and T2-T10 posterior instrumented fusion. At 6 months after G-CSF administration, he showed recovery from myelopathy (JOA score = 8 points) and his VAS score was 50.
Case 11 (post-operative persistent pain group)
A 78-year-old man was admitted to our hospital complaining of motor weakness of his lower extremities and gait disturbance. Nineteen years prior, he had undergone T10-12 laminectomy for thoracic myelopathy due to OLF. After surgery, pain persisted in his lower extremities. On admission, his JOA score was 4/11 points. In addition to myelopathy symptoms, he complained of spontaneous severe bilateral pain at the level of his thigh and leg (below-level pain). MR images showed that his spinal cord was decompressed, but was atrophic at T10-11 (Fig. 4a, b) . Beginning on the day of admission, he received G-CSF. One day after initial G-CSF administration, he felt pain relief in his bilateral thigh and leg. His VAS score for pain was 60 before G-CSF administration. At 1 week after initial administration, the VAS score was reduced to zero and his pain was diminished. His myelopathy also improved, Data are expressed as the mean ± standard deviation, with the range in parentheses. Recovery rate = (post-operative JOA score -preoperative JOA score/full score -preoperative JOA score) 9 100 (%)
JOA score Japanese Orthopaedic Association score (cervical myelopathy 1-17 points, thoracic myelopathy 0-11 points) * p \ 0.05 compared with that of the post-operative persistent pain group ** p \ 0.01 compared with that of the post-operative persistent pain group and his JOA score increased to 6/11 points 1 month after G-CSF administration. At 3 months after administration, however, he felt recurrence of his pain and his VAS score returned to 60.
Discussion
Neuropathic pain has been defined as a type of pain arising as a direct consequence of a lesion affecting parts of the somatosensory system, such as the brain, spinal cord, and peripheral nerves [1, 10, 21] . Among numerous diseases of the spinal cord, neuropathic pain following spinal cord injury (SCI) has been studied most extensively [10, 21] . Baastrup and Finnerup [1] reviewed pharmacological management of neuropathic pain following SCI. Based on the data from several randomized controlled trials, these investigators suggested that pregabalin, gabapentin, and tricyclic antidepressants (TCAs) are optimal first-line treatments for neuropathic pain associated with SCI. Furthermore, they considered that serotonin-norepinephrine reuptake inhibitors (SNRIs) are second-line choices, and that tramadol, opioids, and lamotrigine are third-line options. However, these researchers concluded that such oral pharmacological intervention is often inadequate, commonly resulting in a reduction of only 20-30 % in pain intensity. Thus, no established cure for spinal neuropathic pain currently exists. The present study is the first to report the results of a clinical trial that evaluated the therapeutic effect of G-CSF on neuropathic pain associated with compression myelopathy. G-CSF was administered to two distinct groups of spinal neuropathic pain patients: the progressing myelopathy-related pain group and the post-operative persistent pain group. In the 7 patients in the progressing myelopathyrelated pain group, G-CSF administration reduced neuropathic pain within several days in all patients. The mean VAS score was 71.4/100 before G-CSF administration, and it significantly decreased to 35.9/100 at 1 week after administration, indicating that the severity of pain decreased to 50 % of the pre-administration level. In all 7 patients, surgery for compression myelopathy was performed C2 weeks after initial G-CSF administration. Thus, the pain-relieving effect of G-CSF occurred prior to surgery. We suggest that the pain reduction observed within 1 week of administration in these seven cases was caused by the pharmacological effect of G-CSF and not by surgery.
To the best of our knowledge, no report has fully determined the effect of surgery itself on spinal neuropathic pain associated with compression myelopathy. In the present study, all seven patients in the progressing myelopathy-related pain group underwent surgery C2 weeks after the initial G-CSF administration. At the time of surgery, pain reduction had already been achieved in all the patients receiving G-CSF. After surgery, further decreases of pain were not obtained. These findings suggest the possibility that surgery itself does not have pain-relieving effects exceeding G-CSF. However, there are several limitations to this hypothesis. In this study, surgeries were performed a rather long time after myelopathy worsening. In addition, the number of patients analyzed in the present study was too small for definitive conclusions. Further studies with a larger number of patients will be required. We will determine the effect of much earlier times of surgery on the reduction of neuropathic pain due to compression myelopathy.
In the present study, we employed only one pain measure, VAS, to evaluate the severity of pain before and after the G-CSF administration. A number of pain measures have been reported for evaluating the intensity and quality of pain in patients with spinal neuropathic pain [2, 8, 14, 20] . Previous clinical trials analyzing the effect of amitriptyline [2, 14] , gabapentin [8, 14] , and pregabalin [20] on neuropathic pain associated with SCI employed multiple pain measures in addition to VAS, such as the McGill Pain Questionnaire (MPQ) and the Center for Epidemiologic Studies Depression Scale (CESD). They combined several pain measures based on the characteristics of each tool, and adequately evaluated the efficacy of the drugs for neuropathic pain. Since our present study was a phase I and IIa clinical trial, we utilized only VAS. In the subsequent phase IIb clinical trial of G-CSF neuroprotective therapy, we are planning to employ multiple pain measures in addition to VAS to evaluate the details of the effect of G-CSF on spinal neuropathic pain.
In the 10 patients in the post-operative persistent pain group, G-CSF administration did not have a pain-relieving effect in 3 patients. Since no improvement of myelopathy was observed in these 3 patients, we speculate that the pain-relieving and neuroprotective effects with respect to improvement of motor and sensory deficits of G-CSF are correlated. However, a pain-relieving effect was observed in the other 7 patients within 1 week after initial G-CSF administration. The mean VAS score of all 10 patients in the post-operative persistent pain group was 72.0/100 prior to G-CSF administration, and it significantly decreased to 51.7/100 at 1 week after administration. This indicates that the severity of pain decreased to 72 % of the pre-administration level. Based on this finding, we suggest that G-CSF may have a certain pain-relieving effect in patients who complain of post-operative persistent pain, although this effect is not as pronounced as that for patients with worsening symptoms of compression myelopathy.
Of the 17 patients analyzed in the present study, a painrelieving effect associated with G-CSF was detected in 14 patients. However, recurrence of pain occurred in 8 out of these 14 patients during the follow-up period. Notably, pain returned to pre-administration levels in 5 patients. The recurrence of pain was detected at 3 months after G-CSF administration in 7 patients and at 6 months after G-CSF administration in 1 patient. This finding suggests that the pain-relieving effect by G-CSF only lasts for at most 3-4 months. Therefore, when the clinical utility of G-CSF for spinal neuropathic pain is evaluated in the future, administration every 3-4 months should be considered.
Previous studies reported the presence of placebo effects in patients suffering from neuropathic pain, although the duration of the placebo effect was not fully established [13] . In the present study, the pain-relieving effect of G-CSF continued for 3-4 months. Because the study design was open label, we cannot deny the contribution of the placebo effect of injection for reducing the spinal neuropathic pain. To verify the pharmaceutical painrelieving effect of G-CSF on spinal neuropathic pain, a subsequent clinical trial with double-blind placebo-controlled study design will be necessary.
To the best of our knowledge, no reports of experimental studies of G-CSF administration in an animal model of spinal neuropathic pain have been published. In our studies using animal models of compression-induced and contusive SCI, intravenously administered G-CSF resulted in functional recovery by (1) promoting the migration of bone marrow-derived cells into the damaged spinal cord, (2) directly suppressing the neural apoptosis that occurs via G-CSF receptors at the injured spinal cord, and (3) decreasing the expression of inflammatory cytokines such as IL-1b and TNF-a [4, 6, 12] . Ro et al. [15] administered G-CSF to animal models of peripheral neuropathic pain, and demonstrated that G-CSF increased the number of opioid-contained polymorphonuclear cells and relieved neuropathic pain. We suggest that such mechanisms may participate in the pain-relieving effect of G-CSF on spinal neuropathic pain, although further studies are required to fully clarify all of the underlying mechanisms.
To date, no effective therapies for spinal neuropathic pain have been established. To the best of our knowledge, this is the first report showing the possibility of a therapeutic effect of G-CSF on neuropathic pain associated with compression myelopathy. The biggest limitation of the present study was that this was an open-label study, so no comparison with a control group was performed. We cannot deny the possibility that a placebo effect of injection and surgical intervention contributed to pain relief. Based on the experience of the present findings, however, we intend to advance to a further clinical trial to verify the feasibility of using G-CSF for relief of spinal neuropathic pain. This will be a multi-center, double-blind, controlled clinical trial; the control group will receive placebo injection. If the efficacy and safety of G-CSF treatment for spinal neuropathic pain is confirmed and clinical use of G-CSF therapy is approved, a novel and effective approach for the treatment of this disorder will be available.
